Recent recommendations on feeding malnourished children do not provide indication on the nature of dietary lipids. Our aim was to compare the effect of palm oil (mainly saturated and monounsaturated fatty acids) and soybean oil (mainly polyunsaturated fatty acids) on the recovery from malnutrition in guinea pigs. In a first experiment, guinea pigs received a balanced (control group) or a maize (malnourished group) diet for 7, 12, and 21 d. In a second experiment, after 12 d of malnutrition, guinea pigs received a rehabilitation diet containing palm or soybean oil. Both rehabilitation diets allowed a partial recovery from the severe weight loss induced by malnutrition. Thiobarbituric acid reactive substances content, measured in intestinal homogenates, increased in malnourished guinea pigs compared with control animals (40%, p Ͻ 0.05) and returned to near control values after rehabilitation with palm (10%) but not soybean (43%) oil diet. Intestinal short-circuit current, assessed in jejunal segments mounted in Ussing chambers, increased progressively during malnutrition (p Ͻ 0.001) and returned to near control values with both rehabilitation diets. Compared with control animals, the cell turnover (Ki-67 index assessed by immunohistochemistry detection of the Ki-67 antigen) decreased after soybean (Ϫ60%, p Ͻ 0.01) but not after palm oil. These results confirm that experimental polydeficient malnutrition induces oxidative stress and dysfunction in the intestine. They show a differential effect of palm and soybean oil on these intestinal measurements, suggesting that the composition of dietary lipids may be important in the treatment of malnutrition. Malnutrition cannot be considered solely as a deficiency in protein and energy, as multiple mineral, vitamin, and other essential nutrient deficiencies are also involved (1), including deficiencies in antioxidant vitamins (2-4). In children, there is clinical evidence that malnutrition is associated with low levels of antioxidant endogenous defenses (5-7) and high exposure to oxidants (8), including free iron (9, 10). This may cause the dysfunction of various tissues during malnutrition, including the intestine. In the rat, we have previously shown that oxidative stress is likely to be involved in the altered epithelial transport associated with malnutrition (11).
Recent recommendations on feeding malnourished children do not provide indication on the nature of dietary lipids. Our aim was to compare the effect of palm oil (mainly saturated and monounsaturated fatty acids) and soybean oil (mainly polyunsaturated fatty acids) on the recovery from malnutrition in guinea pigs. In a first experiment, guinea pigs received a balanced (control group) or a maize (malnourished group) diet for 7, 12, and 21 d. In a second experiment, after 12 d of malnutrition, guinea pigs received a rehabilitation diet containing palm or soybean oil. Both rehabilitation diets allowed a partial recovery from the severe weight loss induced by malnutrition. Thiobarbituric acid reactive substances content, measured in intestinal homogenates, increased in malnourished guinea pigs compared with control animals (40%, p Ͻ 0.05) and returned to near control values after rehabilitation with palm (10%) but not soybean (43%) oil diet. Intestinal short-circuit current, assessed in jejunal segments mounted in Ussing chambers, increased progressively during malnutrition (p Ͻ 0.001) and returned to near control values with both rehabilitation diets. Compared with control animals, the cell turnover (Ki-67 index assessed by immunohistochemistry detection of the Ki-67 antigen) decreased after soybean (Ϫ60%, p Ͻ 0.01) but not after palm oil. These results confirm that experimental polydeficient malnutrition induces oxidative stress and dysfunction in the intestine. They show a differential effect of palm and soybean oil on these intestinal measurements, suggesting that the composition of dietary lipids may be important in the treatment of malnutrition. Malnutrition cannot be considered solely as a deficiency in protein and energy, as multiple mineral, vitamin, and other essential nutrient deficiencies are also involved (1), including deficiencies in antioxidant vitamins (2) (3) (4) . In children, there is clinical evidence that malnutrition is associated with low levels of antioxidant endogenous defenses (5-7) and high exposure to oxidants (8) , including free iron (9, 10) . This may cause the dysfunction of various tissues during malnutrition, including the intestine. In the rat, we have previously shown that oxidative stress is likely to be involved in the altered epithelial transport associated with malnutrition (11) .
The present World Health Organization recommendation for the dietary management of severely malnourished children is the use of a diet based on dried skimmed milk, sugar, cereal flour, and vegetable oil in adequate proportions, supplemented with special mineral mix and vitamin mix (12) . Although no indication is provided on the nature of the oil to include in these therapeutic diets, soybean and rapeseed oils are often used, because they are given in the context of international food aid programs.
Inasmuch as malnutrition is associated with an increased oxidative stress, the composition of the oil should be taken into account for its therapeutic management. Red palm oil has the potential to be a very useful nutrient in developing countries: it possesses a good oxidative stability owing to tocopherols and tocotrienols; moreover it provides carotenoids, and can be locally produced in many countries at a competitive price (13) . The fatty acid composition of palm oil is quite different from that of other vegetable oils. It is mainly composed of palmitic acid (a saturated fatty acid) and oleic acid (a monounsaturated fatty acid also present in olive oil), whereas soybean oil is mainly composed of linoleic acid (a polyunsaturated fatty acid).
Because monounsaturated fatty acids are less prone to oxidation than polyunsaturated fatty acids (14) , the former may confer antioxidant activity to the diet, whereas the latter may rather promote oxidative stress. For this reason, we hypothesized that palm and soybean oils may have a different effect in promoting the recovery from malnutrition. To test this hypothesis, we used a previously described model of malnutrition (100% maize) in the guinea pig (15) , in which severe intestinal dysfunctions could be quantitatively assessed and, in addition, the lipid content of the rehabilitation diet provided approximately 27% of the energy from fat compared with a standard guinea pig diet (9% of the energy from fat) because the recommended diet for treatment of malnutrition is also enriched with lipids to a higher level. Finally, the aim of the study was not to mimic the complexity of childhood malnutrition; rather it was aimed at comparing the effects of two different vegetable oils on specific intestinal measurements in an experimental model of malnutrition. The results point to the importance of taking into account the nature of dietary lipids for further research in the treatment of childhood malnutrition.
METHODS
Animals, diets, and tissue preparation. Weanling 2-wk-old male Dunkin-Hartley guinea pigs, weighing 190 -210 g (Charles River, Saint Aubin les Elbeuf, France), were submitted to two different dietary protocols (Fig. 1) . Animal use was reviewed and approved by the Institutional Animal Care of the Ministry of Agriculture. A first experiment (malnutrition study) was designed to test the feasibility of an experimental model of severe malnutrition and to select the time for rehabilitation. We did not use the previous model as such (15) because of a high degree of mortality (approximately 50%) among the guinea pigs receiving a deficient diet for 28 d. Sixty guinea pigs received either a standard laboratory guinea pig chow (well-nourished control group, n ϭ 30) or a polydeficient diet composed of maize only (malnourished group, n ϭ 30) for 7, 12, and 21 d (n ϭ 10 per group).
A second experiment (nutritional rehabilitation study) was designed to test the effect of two different vegetable oils on specific intestinal measurements. Eighty guinea pigs were divided into four dietary groups. A control group (n ϭ 20) received the balanced diet for 21 d. The remaining 60 guinea pigs were fed the maize diet for 12 d and then divided into three groups: in the first one (malnourished group), the animals were used for experiments immediately after the 12-d malnutrition period (n ϭ 20); in the second and third ones, during the next 9 d, the animals received a rehabilitation diet containing either soybean oil (n ϭ 20) or palm oil (n ϭ 20). Then, the guinea pigs were anesthetized i.p. with 90 mg/kg sodium pentobarbital, after an overnight food deprivation, and killed. The small intestine was immediately collected for analysis.
The diet of the control group (laboratory guinea pig chow no. 106) was purchased from UAR (Villemoisson s/Orge, France). The deficient diet (100% maize) and the two rehabilitation diets were purchased from INRA/APAE (Jouy en Josas, France). All diets were given ad libitum. Table 1 shows the composition of the control diet and the rehabilitation diets: they both contained 13% wt/wt lipids, in accordance with the recent recommendations on the dietary management of severe malnutrition (12) . According to Cottrell (16) , in soybean oil the main fatty acids were C18:2 (53.8%), C18:1 (22%), and C16:0 (11.2%) and in palm oil they were C16:0 (43.8%), C18:1 (38.9%), and C18:2 (10.6%). Red palm oil used was a gift from Palm Oil Research Institute of Malaysia.
Intestinal oxidative stress measurements. A part of the small intestine was flushed with saline to remove mucus and food Figure 1 . Dietary protocols. The control diet (C) is a standard laboratory guinea pig chow, the maize diet (M) is composed of 100% maize, and the composition of two rehabilitation diets is detailed in Table 1 . In a first experiment (malnutrition study), 60 guinea pigs received either a balanced diet (control group, n ϭ 30) or a maize diet (malnourished group, n ϭ 30) for 7, 12, and 21 d (n ϭ 10 per group). In a second experiment (nutritional rehabilitation study), 80 guinea pigs were divided into four dietary groups. A control group (n ϭ 20) received the balanced diet for 21 d. The remaining 60 guinea pigs were fed the maize diet for 12 d and then divided into three groups: in the first one, the animals were used immediately after the malnutrition period (malnourished group, n ϭ 20); in the second and third ones, the animals received a rehabilitation diet containing either soybean oil (S group, n ϭ 20) or palm oil (P group, n ϭ 20) during the next 9 d. Arrows indicate time of sacrifice. 120 residues, and slit open. The mucosa were scraped with the blunt edge of a glass slide, weighed, then washed three times by resuspending in a solution (pH 7.4) of 10 mM Tris-HCl, 150 mM KCl, and 1 mM EDTA, and centrifuged for 5 min at 700 ϫ g. The remaining pellet was homogenized in 3 vol of the same buffer containing 0.25 mM phenylmethylsulfonyl fluoride and frozen at Ϫ80°C for later estimations. Protein content was determined according to Lowry et al. (17) . Lipid peroxides (Tbars) were measured by a modification (18) of the method described by Ohkawa et al. (19) . Tbars are a rough measure of malondialdehyde and similar byproducts of lipid peroxidation (20) . The determination of carbonyl content in oxidatively modified proteins was assessed by the method of Levine et al. (21) . Nonprotein sulfhydryl groups, mostly reduced glutathione, were determined by the method of Sedlak and Lindsay (22) .
Intestinal electrical measurements in Ussing chambers. Another part of the small intestine was removed up to the cecum, starting 30 cm from the pylorus and, to remove the intestinal content, was carefully rinsed with cold Ringer's solution containing (mM): Na ϩ , 140; K Jejunal segments from each animal were mounted in Ussing chambers as flat sheets with an exposed area of 0.5 cm 2 . They were bathed on both sides with 12 mL of Ringer's solution that was continuously warmed, circulated, oxygenated, and maintained at pH 7.4 with 5% CO 2 in 95% O 2 . The mucosal and serosal bathing solutions were connected via agar bridges to calomel electrodes for measurement of the transepithelial PD and to the Ag-AgCl electrodes for applying the current. The tissue was kept under short-circuit conditions by an automatic clamping device (World Precision Instruments, Aston, U.K.) that canceled out the fluid resistance. The Isc was constantly recorded, and the tissue was pulsed at 0.5 mV every 30 s. Basal Isc was used as an index of total electrogenic ion movement. The deflection of Isc was used to calculate G as an index of intestinal epithelial barrier integrity. Basal Isc, PD, and G were measured 30 min after tissue mounting.
Ki-67 antigen determination. The intestinal cell turnover was assessed by using the binding of Ki-67 antibody, which recognizes the cell cycle-dependent nuclear antigen Ki-67 in crypt cells (23) (24) (25) . A part of the jejunum of each guinea pig (second experiment) was kept for the immunodetection of the cell cycle-dependent nuclear antigen Ki-67 in crypt cells. The tissues were fixed in Bouin's solution, embedded into paraffin blocks, and prepared in 5-m sections. Antigen was unmasked, using 0.01 M sodium citrate buffer (pH 6.0) boiling in a pressure cooker (26) . The sections were then immunostained with the monoclonal mouse anti-human Ki-67 antibody, (clone MIB-1), which reacts with a nuclear nonhistone protein of 395 and 345 kD present in all active phases of the cell cycle, i.e. G 1 , S, G 2 , and M (mitosis), but is absent in G o (27, 28) . The antibody was revealed by incubation with biotinylated link antibody and peroxidase-labeled streptavidin.
For ease of counting we used an optical microscopic eyepiece graticule that divides the selected area in 500-m lengths. The number of labeled cells and crypts were respectively counted on this length. Twenty such measurements were performed per section. We defined the Ki-67 index as the ratio of the number of Ki-67-positive cells (i.e. brown-labeled cells) by the total number of crypts in the same given length of tissue.
Statistical analysis. Statistical means comparisons were made by ANOVA and by Duncan's multiple range test (29) . Linear regression analysis was also used to determine the relationship between electrical measurement values and the duration of malnutrition (30) . Results are means (ϮSEM), with n as the number of animals.
RESULTS

Nutritional data.
In the first experiment (malnutrition study), two of 10 guinea pigs died in the group receiving the maize diet for 21 d. The control guinea pigs gained weight regularly throughout the study. The malnourished guinea pigs showed a severe weight loss: their body weight decreased by Ϫ26% and Ϫ32%compared with control animals fed the balanced diet for the same period of time (after 12 and 21 d, respectively; p Ͻ 0.001). In the second experiment, two of 20 animals in the malnourished group, five of 20 in the soybean group, and two of 20 in the palm group died (statistically not significant). In the malnourished group after a period of weight loss caused by the 12 d of maize feeding (Ϫ27%, p Ͻ 0.001), a period of catch-up growth was observed with both rehabilitation diets. The 9 d of nutritional rehabilitation allowed only a partial recovery of weight compared with control animals. At the end of the study, the mean weight of rehabilitated guinea pigs was quite similar, but in the soybean group the mean weight was 83% (p Ͻ 0.05) of the mean weight of control animals. In the palm group, the weight value reached 87%, which is not statistically different from the value of the control group.
Intestinal oxidative stress. In both malnutrition (Table 2 ) and rehabilitation (Table 3 ) studies, the guinea pigs fed maize had higher levels of intestinal Tbars than control animals. In addition, mean Tbars levels increased progressively as malnutrition wors- Interestingly, after nutritional rehabilitation with the soybean oil diet, Tbars remained elevated (ϩ43%), whereas they decreased with the palm oil diet (ϩ10%) to reach control levels (Table 3 ). In contrast, protein carbonyls and nonprotein sulfhydryl levels were not altered by malnutrition (Table 2) or nutritional rehabilitation (Table 3) . Intestinal function. Basal jejunal electrical variables are reported in Table 4 for the malnutrition study. Both Isc and PD increased significantly after 21 d of malnutrition compared with control animals (ϩ54% and ϩ65%, respectively; p Ͻ 0.001). In addition, the percentage of variation of both Isc and PD in malnourished versus control animals was significantly and positively associated with the duration of malnutrition. Linear regression analysis gave r 2 determination coefficients equal to 0.346 and 0.459 for the relationship between the duration of malnutrition (in days) and the percentage Isc and PD variations, respectively (p Ͻ 0.001). As shown in Table 5 , nutritional rehabilitation with either soybean or palm diets allowed a return of both Isc and PD to values not significantly different from control values. Transepithelial G was not altered in any experimental condition (Tables 4 and 5) .
Ki-67 index. In the second experiment, the means for the Ki-67 index values in the control (1.03 Ϯ 0.15, n ϭ 20), malnourished (1.29 Ϯ 0.17, n ϭ 18), and palm oil rehabilitated (1.16 Ϯ 0.11, n ϭ 18) animals were not different. In the rehabilitated animals fed soybean oil, the Ki-67 index was lower (0.41 Ϯ 0.06, n ϭ 15; p Ͻ 0.01) compared with the Ki-67 index from the guinea pigs fed palm oil. The immunohistochemical stainings (brown-labeled cells) of the jejunum from soybean and palm oil rehabilitated guinea pigs are shown in Figure 2 .
DISCUSSION
These results confirm that experimental malnutrition induces oxidative damage (31) and stimulates electrogenic ion movement (11) in the small intestine. They show that palm oil is at least as effective as soybean oil in promoting weight gain; they also suggest a better effect of palm oil on Tbars levels and intestinal function repair during nutritional rehabilitation. In addition, they suggest that soybean oil may reduce intestinal cell turnover compared with palm oil. Taken together, these data suggest that the composition of vegetable oil in the diet may alter intestinal function and cell cycle by a mechanism that includes an effect on oxidative stress.
The present model of experimental malnutrition was based on the observation that the low dietary quality of the cereal-based diets currently used as weaning diets in poor areas of the world may explain the high prevalence of child malnutrition in those areas (32) . Malnutrition cannot be considered solely a deficiency in proteins and in energy (1) . In the present study, malnutrition in guinea pigs was induced by maize feeding (100%) for 7-21 d. As expected, the maize diet induced weight loss and increased intestinal oxidative stress as well as compromising intestinal function. Golden and Ramdath (8) hypothesized that cell damage from free radicals leads to edema, fatty infiltration of the liver, and skin lesions in children with kwashiorkor. This theory, however, has not been firmly established or subjected to the test of animal experiments (33) . Although the gastrointestinal tract has a particularly enhanced capacity to provide protection against lipid peroxidation (34), our data suggested that the Tbars level increased during the time course of malnutrition. The present results are therefore consistent with an oxidative stress on the intestine in experimental malnutrition.
Malnutrition was also associated with intestinal dysfunction. Basal Isc was increased in malnourished guinea pigs, and this rise was significantly correlated with the duration of malnutrition. This suggests that electrolyte active transporters are activated by malnutrition. In fact, previous studies in malnourished rats suggest that such a rise in basal Isc reflects an activation of the intestinal secretion of chloride and water (35) , which is consistent with the high prevalence of diarrhea observed in * Oxidative stress markers in small intestinal mucosa of guinea pigs fed a maize diet for 12 d and then a rehabilitation diet containing palm or soybean oil for 9 d. Results are expressed as the mean Ϯ SEM. The malnourished group is composed of guinea pigs fed a polydeficient maize diet for 12 d. The soybean and palm groups are composed of guinea pigs fed a polydeficient maize diet for 12 d and then a rehabilitation diet for 9 d containing palm or soybean oil, respectively. Means are not significantly different (p Ͼ 0.05), but see "Results" for statistical analysis of Tbars content.
Abbreviations as in Table 2 . 122 malnourished children (36) . In this study, we did not observe an alteration of transepithelial G, an index of the functional integrity of the intestinal barrier. This is different from previous studies in which we found an increase in G, both in rats (11) and in guinea pigs (37) fed a low protein diet. Also, in guinea pigs malnourished with a diet composed of 96% maize and 4% milk proteins for 4 wk, we previously found an increase in the ionic G but not in basal Isc or PD (15) . Therefore, these findings about the impact of experimental malnutrition on intestinal function cannot be attributed to species differences or experimental models of malnutrition. Alternatively, they could be related to the duration and severity of malnutrition. Notably, in maize-fed guinea pigs, after 3 wk of polydeficient malnutrition (present study), the mortality reached 20%, whereas it reached 55% after 4 wk (15) . We speculate that the increase in ionic G previously observed in animals surviving from 4 wk of malnutrition may be the last event in the process of intestinal epithelium alteration induced by malnutrition. It is well documented that children with severe malnutrition have a low intestinal cell renewal (36) . We thus studied the Ki-67 index, which is usually interpreted as an index of cell turnover (24, 38, 39) , but in the present study, in the malnourished animals the Ki-67 index was not reduced; in fact we observed a 21% increase, compared with control values. The present results may thus be differently interpreted: the higher Ki-67 index could be related to a longer cell cycle time induced by malnutrition, as reported in experimental malnutrition of suckling rats (40) . Alternatively, reactive oxygen species are known to modulate cell cycle. Hydrogen peroxide has been reported to stimulate the activity of the mitogen-activated protein kinases, extracellular signal-regulated kinases, and c-Jun amino-terminal kinase and the expression of the proto-oncogenes c-fos and c-jun (41) . In this context, the interpretation of an increased Ki-67 index would be a longer cell cycle because of malnutrition or an increase in cell turnover as a consequence of the oxidative stress associated with malnutrition.
After the malnutrition period, whatever the source of dietary fat, a rapid recovery in weight gain was observed during rehabilitation, but a complete catch-up growth was not obtained. The final weight of guinea pigs was higher when the nutritional rehabilitation was conducted with palm oil than with soybean oil. Although this difference was not significant, it could possibly reflect a better net protein utilization, as previously shown in growing rats (42) .
In agreement with our hypothesis, Tbars concentration was not altered after soybean oil feeding, but decreased after palm oil. In fact, we found that the level of lipid peroxides in malnourished guinea pigs treated with palm oil were similar to those in wellnourished control animals. This may be explained by the fact that palm oil is very rich in tocopherols and tocotrienols and has a low content of polyunsaturated fatty acids compared with soybean oil. Moreover, the high oleic acid content of palm oil may reinforce the antioxidant capacity of the diet, because the major factor responsible for the inhibition of lipid peroxidation in the gastro- intestinal mucosal membranes was isolated and chemically characterized as oleic acid (43) . This nonesterified fatty acid probably forms complexes with iron, making it unavailable for induction of peroxidation (44) . Changing the quantity and the quality of dietary lipid is known to modify the fatty acid composition of the intestinal epithelium (45) . In keeping with lipid membrane composition playing an important role in ion transport (46) , our data indicate that 9 d of feeding diets containing 13% wt/wt soybean or palm oil was sufficient to normalize the altered intestinal electrolyte transport. Likewise, diets low in polyunsaturated fatty acids have been previously shown to be associated with a decrease in basal intestinal Isc (47) .
Finally, the Ki-67 index was very different in palm and soybean oil-treated malnourished animals. These results are in keeping with the described effect of fatty acids on cell cycle (48 -50) . Whatever the molecular mechanism involved in the interaction among dietary lipids, malnutrition, and oxidative stress, the present results clearly indicate a difference in the intestinal cell turnover according to the nature of the dietary lipids.
In conclusion, this study indicates that polydeficient malnutrition is associated in the guinea pig with growth impairment and concomitant signs of free radical damage and altered electrolyte transport and cell turnover at the intestinal level. It also suggests that the degree of saturation of fatty acids present in the diet has an effect on these intestinal measurements. Thus, the present results point to the importance of taking into account the nature of the dietary lipids for further research in the treatment of childhood malnutrition.
